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news & views

In crystalline materials such as metals 
and semiconductors, it is the defects 
rather than the perfect lattice structure 

that lead to the most interesting and 
useful properties. For example, line 
dislocations in metals allow them to be 
malleable by moving and sliding under 
mechanical stress; adding impurities to 
them can result in alloys with superior 
strength and corrosion resistance; and 
substituting lattice atoms with dopants 
in semiconductors allows the Fermi 
level to be precisely tuned for making 
transistors. In all of these examples, the 
careful incorporation of defects imparts 
very useful properties to crystalline 
materials1. It now turns out that adding 
a controlled concentration of defects can 
also have benefits for carbon nanotubes, 
which are cylindrical lattices of carbon 
atoms. Writing in Nature Chemistry, Wang 
and co-workers2 describe an unexpected 
new effect by which defects in carbon 
nanotubes dramatically increase the 
intensity of their photoluminescence.

Single-walled carbon nanotubes 
(SWCNTs) are nanoscale cylinders of 
carbon — graphene sheets rolled up into 
narrow tubes. The direction of this rolling 
is called the chiral vector (n,m), where 
the integers n and m indicate the number 
of unit cells along the unit vectors of the 
graphene lattice. Depending on its chiral 
vector, a SWCNT can be semiconducting 
or metallic. When a photon is absorbed 
by a SWCNT, an electron is excited from 
the valence band to the conduction band, 
and a bound electron–hole pair, called an 
exciton, is formed. In metallic nanotubes, 
the excited electron is immediately replaced 
by another electron, but in those that are 
semiconducting the exciton can either travel 
along the nanotube, relax to a ‘bright’ state 
and emit another photon of lower energy, 
or relax to a ‘dark’ state where the energy 
is lost as heat without the emission of light 
(hence the name). This photoluminescence 
emission from the bright state has been the 
key to a diverse set of optical applications 
such as in vivo bioimaging3, molecular 
sensing4 and optoelectronics5.

However, the quantum yield — the 
ratio of output to input photons — of 
semiconducting SWCNTs is usually about 
1%6, far lower than would be expected 
for a direct-bandgap semiconductor. The 
luminescence can be enhanced by various 
chemical treatments to remove external 
quenching routes, but the most significant 
of these is via the ‘dark’ states lying just a 
few millielectronvolts below the ‘bright’ 
exciton states 7.

Wang and co-workers have now 
discovered2 a new and surprising 

mechanism for enhancing the 
photoluminescence of SWCNTs 
using covalent chemistry. Covalent 
functionalization of the sidewall of 
SWCNTs has been previously well known 
to quench photoluminescence8; therefore, 
it is quite remarkable to find that when a 
low concentration of sidewall defects are 
introduced, the normal ‘bright’ emission 
from the ‘E11’ transition drastically 
decreases and is replaced by a new, far 
brighter and red-shifted peak. Wang and 
colleagues observe a maximum brightening 

CARBON NANOTUBES

A bright future for defects
Covalently bonding groups to the walls of carbon nanotubes has been previously observed to quench their 
photoluminescence. Now, it has been shown that, if you get the chemistry just right, their photoluminescence can 
in fact be significantly brightened by introducing defects through functionalization.
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Figure 1 | Photoluminescence brightening of single-walled carbon nanotubes by covalent 
defect formation2. a, Schematic of single-walled carbon nanotube with a single covalent defect 
from an attached aryl group. b, Energy levels of a pristine carbon nanotube (left), showing the 
photoluminescence corresponding to the E11 bright exciton. Dark states lying below the E11 level do 
not allow light emission. After covalent modification, the breaking of symmetry causes energy levels 
to split at the frontier orbitals, creating new energy levels (right) from which excitons can optically 
emit at the E11

– energy. c, Light-emission spectra for pristine (6,5) carbon nanotubes (left) and 
4-nitrobenzenediazonium-functionalized (6,5) carbon nanotubes (right). The E11 photoluminescence 
peak diminishes after covalent functionalization, but the brighter and red-shifted E11

– peak appears.
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Ø Functionalized	carbon	nanotubes

Covalent	functionalization	of	
carbon	nanotubes	holds	promise	
for	enhancing	electronic	and	

optical	properties	– relevant	for	
electronics,	optoelectronics	and	

light-emitting	applications.

For	example,	increasing	covalent	
functionalization	can	drastically	
increase	the	photoluminescence	

quantum	yield(6,5): Cl2-Dz
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Figure 5. Potential energy surfaces for ground (G), trapped exciton (X-), and free exciton (X). 

“Configuration coordinate” r (horizontal axis) denotes the deformation (reorganization) of the 

SWCNT geometry. Here the reorganization energy is dominated by displacement of nuclear 

coordinates since changes in vibration frequency, or curvature of potentials, are negligible in rigid 

systems such as SWCNTs. Note that the energy separations between the states are not to scale.  

Ø “Molecular”	level	diagram

Blue – E11 absorption/emission
Red – E11- emission
Green – intraband relaxation

Density	functional	theory	
computations,	supported	by	IC	
Computing,	allowed	us	to	come	
up	with	this	diagram	for	the	

electronic	structure	of	
functionalized	SWCNT,	which	

accurately	reproduce	
experimental	observations


